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2 
Abstract 22 
Objectives: Evaluation of the transfer function efficiency of a newly-developed piezo-23 
electric actuator for active subcutaneous bone conduction hearing aid.  24 
Methods: The experiments were conducted on four Thiel embalmed whole head 25 
cadaver specimens. A novel actuator based on piezo-electric transduction (PZTA), part 26 
of a subcutaneous bone conduction hearing aid device, was sequentially implanted on 27 
three locations: 1) Immediately posterior to pinna; 2) 50-60mm posterior to pinna, 28 
approximately the same distance as between the BAHA (bone anchored hearing aid) 29 
location and the ear canal, but the same horizontal level as location 1; 3) the traditional 30 
BAHA location. Using a single point 3-dimensional laser Doppler vibrometer (LDV) 31 
system, three types of motion measurements were performed at the cochlear 32 
promontory for each stimulation location: 1) ipsilateral side, 2) contralateral side, 3) 33 
measurements 1 and 2 were repeated after mastoidectomy on the ipsilateral side.  34 
Results: On average, stimulation at locations 1 and 2 show a trend for higher 35 
promontory motion relative to location 3 (BAHA location) above 1 kHz. Stimulation at 36 
location 1 had an average improvement of 1 to 6 dB at 2-4 kHz, and 1 to 18 dB at 6-37 
8kHz. The spatial composition of the motion showed significant contributions from both 38 
in-plane and out-of-plane (along ear canal) motion components, with in-plane 39 
components being dominant at mid and high frequencies for locations 2 and 3.  40 
Stimulation at locations 1 and 3 produced similar transcranial attenuation at mid 41 
frequencies (0.6-4kHz), with a potential trend of higher attenuation (seen in 3 or the 4 42 
samples) for location 1 at higher frequencies (>4kHz).  The mastoidectomy affected 43 
negatively mostly the high frequencies (6-8 kHz) for stimulation at location 1, with no 44 
significant change for location 3.  45 
Conclusion: The sound transfer function efficacy of a novel subcutaneous bone 46 
conduction device has been quantified, and the influence of stimulation location and 47 
mastoidectomy have been analyzed based on promontory motion in Thiel-preserved 48 
cadaver heads. 49 
 50 
Keywords: Bone conduction, Laser Doppler Vibrometer, cadaver head, piezoelectric 51 
actuator, bone conduction hearing aid, mastoidectomy, transcranial attenuation. 52 
3 
1 Introduction 53 
Bone conduction (BC) is defined as the conduction of sound from the source 54 
(sound waves in air or actuator in contact with the head) to the inner ear through 55 
mechanical vibrations of structures of the head and body (bones, soft-tissue, liquids, 56 
etc.). BC is an alternative to air conduction (AC) to stimulate the cochlea and generate a 57 
sound perception. Due to the variety of structures of the head involved in bone 58 
conduction, several possible pathways have been suggested in the literature as 59 
possibilities for the transmission of vibrational energy from the stimulator to the cochlea 60 
(Stenfelt and Goode, 2005a). Since some of the possible BC pathways are independent 61 
of the state of the middle ear, BC can be used as an alternative to AC in case of 62 
disruption of the sound transmission function of the middle ear. Clinically this is applied 63 
in patients with single-sided deafness, or with a conductive hearing loss, who cannot 64 
benefit from a conventional hearing aid but can benefit from BC stimulation via a bone 65 
conduction hearing aid (BCHA) (Pfiffner et al. 2011). An optimal coupling of the BCHA 66 
aims at providing a sufficiently efficient transfer of the sound energy from the device’s 67 
actuator, through the head structures, and into the cochlea. However, the coupling 68 
mechanism between a BCHA device and the skull bone or skin has not been completely 69 
understood due to its complexity. In addition, various devices, with different attachment 70 
techniques, have been proposed or are under development. They can be divided into 71 
devices that provide BC stimulation via the skin (transcutaneous), and devices that 72 
directly stimulate the bone (percutaneous), as shown in Fig. 1 (Håkansson et al., 1985, 73 
1986 and 2008).  74 
For devices that stimulate the skull through the skin, the actuator is pushed 75 
against the skin via tension provided by their corresponding support system. For spring-76 
like support, this includes hearing glasses and BCHA that are held at the stimulation 77 
location by a softband or a metal spring (i.e. Baha® on a steel band). The contact force 78 
between the actuator and the skin could also be generated magnetically, as is the case 79 
with BCHA that use an implanted magnet, which holds the actuator over the intact skin 80 
(transcutaneous devices) (i.e. Sophono™ Alpha, Medtronic, FL, USA; and Baha® 81 
Attract, Cochlear® BAS, Mölnlycke, Sweden). However, such devices require a surgical 82 
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procedure for the implantation of a percutaneous implant (without titanium abutment) to 83 
anchor the magnet to the skull. Instead via tension, the actuator could be temporarily 84 
attached to the skin via specially designed adhesive pad (ADHEAR Bone Conduction 85 
System, Med-El, Innsbruck, Austria), allowing for surgery free and inconspicuous 86 
attachment of the BCHA.  87 
The second group of BCHA includes devices that is in direct contact with a bony 88 
part of the head. One subgroup of such devices uses a percutaneous implant (BI300, 89 
Cochlear® BAS, Mölnlycke, Sweden) attached to the skull, such that the actuator is 90 
attached on the implant, above the skin (Baha® Cordelle II, Cochlear® BAS, Mölnlycke, 91 
Sweden). The second subgroup of devices, with direct stimulation on a bony area, are 92 
ones that stimulate the teeth (SoundBite ™, Sonitus Medical, CA, USA), which in turn 93 
excites the skull bone. A third subgroup consists of devices that leave the skin intact, by 94 
having driving electronics and actuators fully implanted subcutaneously. Typically, the 95 
implantable actuators are installed via a surgical procedure that creates a bone bed 96 
(recess) into the skull bone with 4-9mm depth, depending on the device and anatomy, 97 
within which the body of the actuator is laid and secured with wire or screws (BC-FMT 98 
transducer of the Bonebridge™ system from MED-EL, Innsbruck, Austria; bridging bone 99 
conductor of Håkansson et al., 2010). Such a procedure is more complicated than the 100 
implantation of BI300 (without abutment) and could be a limiting factor in the application 101 
of such devices. In addition, the surgical procedure requires a minimum skull thickness 102 
in the area of the implantation of the actuator, which might not be available in all 103 
patients due to young age or specific anatomical features. On the other hand, while 104 
solutions providing stimulation on skin require minimal (magnet implantation) or no 105 
surgical intervention (softband, adhesive pad), they typically provide reduced sound 106 
transmission capabilities (coupling efficacy) compared to the systems with direct bone 107 
stimulation (Håkansson et al., 1985, 1986 and 2008). 108 
There are several important aspects when testing and optimizing a new or 109 
existing BCHA, regardless of its means of attachment to the head, some of which are: 110 
1) dependence on stimulation location; 2) resultant transcranial attenuation; 3) 111 
dependence on any bone conduction related pre-existing conditions, such as 112 
mastoidectomy. The stimulation location could strongly influence the resultant BC 113 
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hearing sensation, while also affecting the surgical complexity of implantation of the 114 
device. Thus, many studies have been conducted on the topic of stimulation location, 115 
including, but not limited to, studies on cadaver heads (Dobrev et al., 2016; Stenfelt and 116 
Goode, 2005b), patients (Stenfelt, 2012), and comparison between clinical and 117 
laboratory measurements (Eeg-Olofsson et al., 2013; Reinfeldt et al., 2014).  118 
Transcranial attenuation could strongly influence the efficiency of a BCHA in the case of 119 
single sided deafness (SSD), when the device is used to transmit sound from deaf side 120 
to the normal hearing side, or in the case of BC hearing assessment tests. Thus, a large 121 
number of studies have explored this issue (Dobrev and Sim, 2018; Eeg-Olofsson et al. 122 
2011b; Reinfeldt et al., 2014; Stenfelt and Goode, 2005b). In the case of 123 
mastoidectomy, the bone conduction transmission properties of the skull, and the 124 
temporal bone in particular, could be altered, which have also been investigated (Kim et 125 
al., 2010). 126 
A new type of recently developed BCHA could provide a balance between 127 
surgical complexity and coupling efficacy. A novel subcutaneous bone conduction 128 
device based on piezo-electric transduction (PZTA) actuator (Patent 129 
WO2009121116A1, Applicant: Cochlear® BAS, Mölnlycke, Sweden) has a fully 130 
implantable actuator and driving electronics, similar to other implantable active devices. 131 
However, the mechanical connection (center area of the PZTA) to the skull bone is via 132 
an implant (i.e. BI300, without the titanium abutment), similar to the way the implanted 133 
magnet devices (i.e. Baha Connect ®, Cochlear® BAS, Mölnlycke, Sweden) are 134 
attached, requiring no bone bed drilling. This potentially provides the sound coupling 135 
benefits from direct contact with the skull, but with less strict requirement on the 136 
available bone thickness in the implantation area and simpler implantation procedure. 137 
An PZTA prototype is show in Figure 2, where it is visually compared to a Baha® 138 
Cordelle II (Cochlear® BAS, Mölnlycke, Sweden).   139 
In order to define a surgical implantation procedure, an optimal stimulation 140 
location for the PZTA is needed. There have been numerous studies quantifying the 141 
dependence of the promontory motion (in cadaver heads), skin or skull impedance (in 142 
cadaver heads and patients), and BC hearing sensation (in patients) on the stimulation 143 
location of a BCHA actuator (Eeg-Olofsson et al., 2008; Eeg-Olofsson et al., 2011a; 144 
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Eeg-Olofsson et al., 2011b; Eeg-Olofsson et al., 2013; Reinfeldt et al., 2014; Dobrev et 145 
al.,2016). However, in most of these studies the actuator is situated above the skin, 146 
where vibrations of the actuator’s body are not directly affected by the skin and soft 147 
tissue properties. In addition, the existing actuators’ shapes and implantation 148 
procedures differ from the PZTA. In the case of the PZTA, while the device attaches to 149 
the BI300 at a single point, the whole body of the device could be vibrating during 150 
operation, similar to other implantable actuators (BC-FMT transducer of the 151 
Bonebridge™ system from MED-EL, Innsbruck, Austria; bridging bone conductor of 152 
Håkansson et al., 2010). In addition, the actuator’s body could be in contact with the 153 
skull bone at other points than the BI300, due to the local topology of the skull under the 154 
actuator’s body. This means that the output performance could be partially dependent 155 
on the mechanical parameters of the surrounding soft tissue (damping, effective mass, 156 
etc.) and skull surface. In other to evaluate the combined effect of such variations on the 157 
output of the PZTA, and the resultant promontory motion or hearing sensation, 158 
additional experimental work is needed. 159 
This study is focused on the testing of the sound transfer efficacy of a PZTA on 160 
Thiel preserved cadaver heads (Thiel, 1992; Guignard et al., 2013). The PZTA is part of 161 
a novel subcutaneous bone conduction device currently under development by Cochlea 162 
Bone Anchored Solutions (Cochlear® BAS, Mölnlycke, Sweden). The sound transfer 163 
efficiency was defined as the ratio between the cochlea promontory motion and the 164 
input voltage to the actuator, for two sets of test conditions: 1) varying the stimulation 165 
location (Dobrev et al., 2016; Egg-Olofsson et al., 2011); and 2) repeating set 1) after a 166 
mastoidectomy near the ear canal of the ipsi-lateral ear. For each test condition, the full 167 
vibrational motion, consisting of all 3 orthogonal components of acceleration, was 168 
quantified via 3-dimensional laser Doppler vibrometry (3D LDV) methods (Dobrev and 169 
Sim, 2018). For each test condition both ipsi- and contra-lateral promontories were 170 
measured and the corresponding transcranial attenuation was calculated. 171 
2 Methods 172 
This study was approved by the Ethical Committee of Zurich (KEK-ZH-Nr. 2012-0136).  173 
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 174 
 Sample preparation 175 
The experiments were conducted on four Thiel embalmed (Thiel, 1992; Guignard 176 
et al., 2013) whole head cadaver specimens. The performance of the PZTA under each 177 
measurement condition was evaluated based on the resultant promontory motion, since 178 
it is an accepted estimator for the resultant hearing sensation (Eeg-Olofsson et al., 179 
2013; Stenfelt, 2015). In order to provide optical access to the promontory for the 180 
vibration measurements, an endaural incision was made between ascending helix and 181 
tragus, and a tympanomeatal flap was elevated to expose the promontory on both sides 182 
of the head. The measurement point at each promontory, located within approximately 183 
1-3mm from the round window, was covered with either a 1-2 mm2 retro-reflective 184 
sticker (DG3 4000, 3M, MN, USA) or retro-reflective spheres (30-100μm in diameter, 185 
P2453BTA-4.2 30-100um, Cospheric LLC, CA, USA) glued to the promontory surface 186 
with cyanoacrylate glue (57040-00000, tesa SE, Norderstedt, Germany). The choice of 187 
retro-reflector type for each cadaver head was based on the specific anatomy and 188 
condition of the promontory wall in each sample. Before application of the retro-189 
reflector, the promontory area was cleaned of fat and soft tissue, and carefully dried 190 
with cotton.  The head orientation relative to the measurement system was consistent 191 
for all samples, such that the ipsilateral side was always the right side of the heads. 192 
The following stimulation locations were under investigation (also shown in Fig. 3 193 
A): 1) Immediately posterior to pinna, equivalent to location B in Reinfeldt et al. (2014); 194 
2) 50-60mm posterior to pinna, approximately the same distance as between the BAHA 195 
location and the ear canal, but the same horizontal level as location 1; 3) the traditional 196 
BAHA location. The reason for considering location 1 was that it could provide stronger 197 
stimulation to the cochlear relative to the other two locations, due to its proximity to the 198 
inner ear. Location 2 was chosen because of it being further away from the ear canal, 199 
thus alleviating potential problems with implantation in the proximity of the pinna or in 200 
the proximity of a mastoidectomy, while providing attachment to the firmer bone at the 201 
base of the skull relative to the thinner sections at location 3. 202 
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At each stimulation location, shown in Fig. 3A, a titanium implant (BI300) was 203 
implanted in the bone, through a percutaneous opening (slit) of 2-3 cm at the implant 204 
location. The attachment between the PZTA and the BI300 is similar to that of the 205 
subcutaneous magnet in the Baha Attract system.  In this way the PZTA is suspended 206 
by the BI300 above the surface of the bony skull. The PZTA was inserted through the 207 
skin opening and attached to the implant. After attachment of the PZTA, the opening in 208 
the skin was sutured, and ultrasound coupling gel (any brand commonly found in 209 
hospitals, e.g., Skintact© Ultrasonic gel) was injected subcutaneously filling the gaps 210 
between the PZTA body, the skull surface, and the skin. The ultrasound gel was added 211 
based on guidelines from the manufacturer, and relevant discussions are presented in 212 
section 4.2. For each implantation, the total amount of gel deposited around the PZTA 213 
was approximately 2ml, depending on the individual anatomy.  214 
After measurement at the ipsi- and contralateral promontory, for stimulation at 215 
each of the 3 locations, a mastoidectomy was performed and all measurements (at all 216 
stimulation locations) were repeated. An anterior mastoidectomy (Fisch et al., 2010) 217 
was performed by identifying the dura of the middle cranial fossa. The dura was then 218 
followed to the antrum and the incus, and the lateral and posterior semicircular canal 219 
were identified. Then, the digastric ridge was exposed, and the facial nerve skeletonized 220 
in its mastoid segment. The posterior canal wall was thinned out, but left intact, whereas 221 
the sigmoid sinus remained covered by bone. 222 
 223 
 Measurement setup 224 
For each stimulation location, the motions of both the ipsi- and contra-lateral 225 
promontories were measured sequentially, by moving the 3D LDV in a repetitive 226 
manner via a robotic arm (Dobrev et al., 2017). The cadaver heads were oriented in a 227 
natural upright position, as shown in Fig. 3 B, such that most of the weight was 228 
supported by the spine, which in turn was stabilized with a short metal rod (12 mm 229 
diameter stainless steel) inserted in the spinal column of the last few inferior vertebrae 230 
of the remaining spine (~5cm corresponding to 2 vertebrae). As a means to provide 231 
additional support (i.e., against tipping of the head) and to prevent potential orientational 232 
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drift during a full measurement session (i.e. 4-6 hours), the cadaver heads were also 233 
gently supported around the scalp via a softband connected, via rubber bands (< 1N per 234 
band), to 4 stiff metal rods (12-20 mm diameter stainless steel), providing only gentle (< 235 
2-4N total) lateral support. The scalp support rod was attached to a 5-kg support plate 236 
(cast iron), and a silicone donut-shaped neck support was placed between the inferior 237 
end of the neck and the spline support plate, providing support against accidental 238 
sliding, laterally, during manipulation of the head. The head and spine support together 239 
sat in a water basin to catch any potential liquid leakage from the head. The head, the 240 
basin, and the lateral support rods were all attached to a base plate (10-kg aluminum 241 
plate), which held the whole head support assembly together. In between any two hard 242 
surfaces (i.e., metal, plastic, bone) there were Sorbothane legs or sheets installed to 243 
reduce potential rattling, which could induce distortions in the measured vibrational 244 
responses. The full assembly of the head holder was supported by vibration isolation 245 
legs (Sorbothane legs, AV3, Thorlabs Inc., NJ, USA), placed on top of a vibration 246 
isolation table (M-INT1-36-6-A, Newport Corp., CA, USA) to minimize random vibrations 247 
from external sources. The overall aim of the head holder was to mimic the natural 248 
orientation and support of the human head, specifically at lower frequencies (below 1 249 
kHz), since previous work (Hoyer and Dortheide, 1983; McKnight et al., 2013; Dobrev et 250 
al., 2017) have indicated that cadaver head motion at such frequencies is rigid-body-251 
like, thus heavily dependent on support (boundary) conditions. 252 
For stimulation, an implantable PZTA, shown in Fig. 2, with a modified sound 253 
processor was used, which allowed direct electrical stimulation from a sound generator 254 
(APx585, Audio Precision Inc., USA) via an audio amplifier (RMX 850a, QSC, CA, 255 
USA). Unlike most bone conduction actuators, which are typically based on an 256 
electromagnetic type of transduction, the PZTA utilizes the piezo-electric effect. The 257 
force output part of the device was connected via its own attachment screw to a bone 258 
anchored implant (BI300, Cochlear® BAS, Mölnlycke, Sweden), visible in the center of 259 
the device in the top view in Fig. 2. The PZTA attaches to the BI300 in an equivalent 260 
way to the subcutaneous magnet BMI300 in the Baha® Attract system.  261 
For each experimental condition, a frequency stepped sinusoidal stimulus was 262 
applied to the BC actuator at 81 logarithmically distributed frequencies in the range of 263 
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0.1-10kHz, resulting in 40 frequency points per decade. Stimulus at each frequency was 264 
presented continuously for 200ms, with a sinusoidal-shaped ramp up (onset) region of 265 
20ms. A constant stimulation voltage of 1 Vrms was used for all frequencies. For each 266 
stimulation frequency, the promontory motion was measured using a single point 3-267 
dimensional (3D) LDV (3D CLV 3000 by Polytec GmbH), which computes the time 268 
waveform of 3 orthogonal velocity components, from which the corresponding 269 
acceleration components are calculated. The orientation of the 3D LDV coordinate 270 
system relative to the anatomical coordinate system is indicated in Fig. 3B. The LDV’s 271 
X-axis was along the posterior direction for measurements at the ipsilateral promontory 272 
and along the anterior direction for measurements at the contralateral promontory. The 273 
Z-axis was pointing laterally (away) from the promontory, and the Y-axis is always 274 
pointing in the superior direction, for both ipsi- and contra-lateral measurements. 275 
 Data processing 276 
To reduce effects from random external disturbances, such as LDV signal drop, 277 
measurement at each frequency was repeated 5 times. Several types of quality checks 278 
were applied to each data set (5 iterations) at each frequency to determine, which data 279 
were to be further used, similar as in Dobrev et al. (2017): 1) signal-to-noise ratio (SNR) 280 
of at least 2 standard deviations above the mean noise floor in the vicinity (in the 281 
frequency domain) of each stimulus frequency (Dobrev et al., 2018); 2) amplitude 282 
repeatability within 20%, based on the complex vector difference (complex vector in the 283 
frequency domain) between any of the iterations, at a particular frequency, and the 284 
geometric average of the magnitudes of all iterations; 3) coherence of more than 0.85, 285 
where the coherence, for each iteration, is calculated for the waveform of each LDV 286 
channel and the stimulus signal.  After the application of all 3 data quality criteria, the 287 
remaining data (if available) from the set of 5 iterations per frequency is reduced to 1 288 
averaged data point (complex number) per frequency, based on the medians of the real 289 
and imaginary parts of the iterations meeting the quality criteria. Since data from 4 290 
cadaver heads were obtained, the results for each measurement condition (stimulation 291 
location, promontory side, etc.) were averaged (using geometric mean) across heads, 292 
only for data meeting the quality criteria.  293 
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Since all 3 cartesian components of the velocity were measured, the combined 294 
velocity (and acceleration) was calculated based on methods described previously 295 
(Dobrev et al., 2017; Dobrev and Sim, 2018). Based on that, the combined velocity (and 296 
acceleration) was calculated, defined as the maximum magnitude of the complex 297 
vectoral sum of the 3 individual components (Dobrev and Sim, 2018). The combined 298 
velocity was chosen, instead of any individual motion component, since it provides a 299 
single value, instead of three, which makes analysis and interpretation simpler. In 300 
addition, from a physiological perspective, the combined velocity is indicative of the total 301 
vibratory motion, and corresponding total kinetic energy, at the measurement point 302 
(Dobrev and Sim, 2018; Stenfelt and Goode, 2005b). Because of that, the combined 303 
motion is assumed to be a better (closer to hearing sensation) representative of the 304 
perceived sound, compared to any of the individual components (Stenfelt and Goode, 305 
2005 a and b). An advantage of the complex vectoral summation (Dobrev and Sim, 306 
2018) is that it uses both the magnitude and phase information of each of the 307 
orthogonal components for the calculation of the combined motion, as opposed to the 308 
typically used quadratic summation (Stenfelt and Goode, 2005b) that uses only the 309 
magnitude of the orthogonal components. Using only the magnitude data could 310 
potentially overestimate the total motion when some of the motion components have a 311 
significant phase shift relative to the others (Dobrev and Sim, 2018). 312 
Data for the driving force of the actuator was not available in our tests, thus 313 
corresponding promontory motion was normalized by the driving voltage of the PZTA. 314 
This was done for all promontory acceleration data in this work. 315 
All post-processing, analysis and data representation was done via custom 316 
MATLAB scripts (MATLAB 2017a, MathWorks, MA, USA). 317 
 318 
 Statistical methods 319 
Wilcoxon’s signed-rank test was used in order to test the statistical significance of 320 
the differences in the promontory response due to any two measurement parameters 321 
(stimulation location, motion components, effect of mastoidectomy) within a specific 322 
frequency range. A t-test was used to estimate a confidence interval for difference 323 
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between any two measurement data sets, in only those cases in which the 324 
corresponding data followed a normal distribution (when expressed as dB). The 325 
hypothesis of whether a data set followed a normal distribution was tested with a 326 
Lilliefors test (Lilliefors, 1967). All statistical tests were two-tailed. A p value of <0.05 327 
was used as a threshold for statistical significance for all tests. Since only 4 samples 328 
were available for this study per frequency point, data at all frequencies within a 329 
specified frequency band were used for comparison, rather than at individual 330 
frequencies. This was done by averaging the response of each head across all 331 
frequencies in the particular frequency band and using that as a representative of the 332 
individual head response in the statistical tests. This was done in order to provide a 333 
more robust data (less effect of random notches) for the statistical evaluation of the 334 
significance of any potential differences, within a given frequency band of interest.  335 
 336 
3 Results 337 
 Effect of stimulation location on ipsilateral promontory motion 338 
The three Cartesian components of the promontory acceleration were computed 339 
from measured velocity in all 4 heads for PZTA stimulation for each location, as defined 340 
in Fig 3A. Magnitudes of the individual components and the corresponding combined 341 
motion for each stimulation location are shown in Figure 4 A-C. Included is the 342 
corresponding noise floor, averaged across samples. Data for the driving force was not 343 
available, thus measured motion data has been normalized by the driving voltage of the 344 
PZTA. Magnitudes of the individual components, normalized by the corresponding 345 
combined motion for each stimulation location, are shown in Figure 4 D-F. The aim of 346 
Figure 4 is to illustrate the differences in spatial composition (the relative contribution of 347 
each motion component) of the promontory motion, and their dependence on 348 
stimulation frequency and location. 349 
Inter-sample variations in the promontory acceleration were mostly at the second 350 
peak (7 kHz) and mid frequencies (1- 6 kHz), with 5-10dB variation on average, relative 351 
to 5 dB average variation at frequencies below 500Hz, as seen in Figure 4 A-C. Once 352 
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averaged across samples, the variation between stimulation locations showed 353 
differences in amplitude, frequency and spatial composition (relative contributions from 354 
X, Y and Z motion components). The relative contribution of the Z (along ear canal, 355 
normal to promontory) and X components (superior-anterior direction, tangent to 356 
promontory), in particular, was dependent on both frequency and stimulation location, 357 
as seen in Figure 4 D-F. At low frequencies (below 500Hz), the magnitude of the Z 358 
component was significantly larger (p<0.05) than the X component with a mean 359 
difference range of 2 to 12dB for stimulation location 1, 2 to 10 dB for stimulation 360 
location 2, and 3 to 14 dB for stimulation location 3 (BAHA location). At mid and high 361 
frequencies (above 500 Hz), the magnitude of the X component was significantly larger 362 
(p<0.05) larger than the Z component with a mean difference range of 1 to 13 dB for 363 
stimulation location 2, and 4 to 13 dB for stimulation location 3.  At stimulation location 364 
1, the magnitude of the Z component shows a tendency to be larger than the X 365 
component at mid frequencies (0.7-3 kHz), with a mean difference range of -2 to 8 dB 366 
(negative difference indicates X being larger), however there was no strong statistical 367 
significance. At higher frequencies, the two components showed very similar behavior, 368 
within ±4 dB. All ranges correspond to a 95% confidence interval, as defined in Section 369 
2.4. 370 
 Figure 5 A shows the magnitude of the combined motion for each 371 
stimulation location, normalized by the driving voltage of the PZTA, while Figure 5 B 372 
compares the combined promontory motion for stimulation at locations 1 and 2 relative 373 
to location 3. The aim of Figure 5 was to illustrate the differences in combined 374 
promontory motion (hypothesized as related to the total sound energy), and their 375 
dependence on stimulation frequency and location, particularly differences in stimulation 376 
at locations 1 and 2 relative to location 3. On average, stimulation at locations 1 and 2 377 
show a trend for higher promontory motion relative to location 3 (BAHA location) above 378 
1 kHz. Stimulation at location 1 produced significantly larger (p<0.05) promontory 379 
motion (measured as the combined motion) than stimulation at location 3 (BAHA 380 
location), at some frequencies above 800Hz. Specifically, promontory response was 1 381 
to 6 dB higher at 2-4 kHz, and 1 - 18 dB higher (p<0.05) at 6-8kHz (around the second 382 
resonance) for stimulation at location 1 relative to location 3. The inter-sample variability 383 
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in the data for stimulation at location 1 in other frequency bands prevented any 384 
statistically significant conclusions. Stimulation at location 2 did not produce significantly 385 
different response relative to stimulation at location 3, below 4kHz. However, stimulation 386 
at location 2 in the 4-8kHz band produced 1 to 10 dB higher (p<0.05) promontory 387 
response than with stimulation at location 3. 388 
 389 
 Transcranial attenuation 390 
The effect of stimulation location on the resultant transcranial attenuation was 391 
investigated by sequentially measuring the ipsi- and contra-lateral promontory motion, 392 
for each stimulation location. Figure 6 A shows the magnitude of the combined 393 
acceleration, normalized by driving voltage, of ipsi- and contra-lateral promontory, for 394 
stimulation at locations 1 and 3 only. Figure 6 B shows the corresponding transcranial 395 
attenuation, expressed as the ratio of magnitudes of the contralateral versus ipsilateral 396 
combined promontory accelerations, for each stimulation location. The aim of Figure 6 397 
is to illustrate the differences in the response of the ipsi- and contralateral promontory, 398 
expressed as combined acceleration, and their dependence on stimulation frequency 399 
and location, particularly for stimulation at location 1 relative to location 3. Transcranial 400 
attenuation data for stimulation at location 2 was also available but has been omitted in 401 
this section, for purpose of brevity and because it does not change any of the presented 402 
observations or corresponding conclusions. Positive attenuation values in Figure 6 403 
correspond to contra-lateral promontory having smaller motion than the ipsi-lateral 404 
promontory. Negative attenuation (gain) values correspond to contra-lateral promontory 405 
having larger motion than the ipsi-lateral promontory. All ranges correspond to a 95% 406 
confidence interval, as defined in Section 2.4. 407 
Stimulation with PZTA on location 3 (BAHA location) produces transcranial 408 
attenuation in the range of -6 to -2 dB (negative attenuation corresponds to a gain) at 409 
250 – 500 Hz, 3 to 14 dB at 2 - 4 kHz, and 2 to 9 dB above 4 kHz. In comparison, 410 
stimulation on location 1 (close to pinna) produces transcranial attenuation in the range 411 
of -7 to -4 dB (negative attenuation corresponds to a gain) 250 – 500 Hz, 2 to 17 dB at 2 412 
- 4 kHz. In addition, above 4 kHz, there is a trend (seen in 3 of the 4 samples) for 413 
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stimulation at location 1 producing stronger transcranial attenuation than at location 3, 414 
however the difference is not statistically significant.  415 
 416 
 Effect of mastoidectomy 417 
Figure 7 shows the effect of mastoidectomy on the efficiency of the PZTA 418 
stimulation, evaluated based on the change of the ipsi-lateral promontory motion pre- 419 
and post-operatively for stimulation locations 1 and 3. The pre-mastoidectomy data are 420 
taken from data described in Section 3.2, while the post-mastoidectomy data were 421 
obtained in an equivalent manner within several days of the initial measurements. The 422 
aim of Figure 7 is to illustrate the post-mastoidectomy changes in the response of the 423 
ipsilateral promontory, expressed as combined acceleration, and their dependence on 424 
stimulation frequency and location, particularly for stimulation at location 1 relative to 425 
location 3. Post-mastoidectomy data for stimulation at location 2 was also available but 426 
has been omitted in this section, for purpose of brevity and because it does not change 427 
any of the presented observations or corresponding conclusions. In figure 7, a positive 428 
change in promontory motion, due to mastoidectomy, corresponds to increase in 429 
promontory motion, and vice versa. All ranges correspond to a 95% confidence interval, 430 
as defined in Section 2.4. 431 
The mastoidectomy significantly (p<0.05) changed the promontory motion for 432 
stimulation with PZTA on location 1 (close to pinna) in the range of 2 to 5 dB at 0.5 - 2 433 
kHz. Data for location 1 at higher frequencies showed high variability, however this was 434 
due to one of the 4 heads, which showed a drastically higher (>20dB) response than the 435 
other 3 heads. When this head is omitted from the statistical calculations, there is a 436 
statistically strong (p<0.01) drop in the promontory motion in the range -10 to -21dB at 437 
6-8 kHz (around the second peak). In contrast, mastoidectomy did not produce a 438 
statistically significant (p<0.05) change in the promontory motion for stimulation on 439 
location 3 (BAHA location) in any of the considered frequency ranges. A positive 440 
change in promontory motion, due to mastoidectomy, corresponds to increase in 441 
promontory motion, and vice versa. The magnitude of the promontory motion, after 442 
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mastoidectomy, at high frequencies (above 4kHz) becomes similar between stimulation 443 
locations 1 and 3, with mean difference of within 0.3 ± 11 dB. 444 
 445 
4 Discussion 446 
 Samples and preparation 447 
Thiel-reserved samples and long- term stability 448 
Thiel embalmed heads were used, instead of fresh frozen cadaver heads 449 
because of the total measurement duration per head.  Because of time and scheduling 450 
constrains, a full set of measurements in each head took 1-3 weeks, which was deemed 451 
too long to confidently assume sufficiently consistent material properties of the soft 452 
tissues after defrosting of a fresh head. Thus, Thiel embalmed heads were chosen as a 453 
test model (instead of fresh frozen cadaver heads) in order to reduce potential effects of 454 
soft tissue deterioration after thawing on the coupling of the PZTA, since it was covered 455 
by skin.  Previous work (Guignard et al., 2013) on Thiel-preserved temporal bones has 456 
indicated that long-term (4-16 weeks) variation in promontory motion and skull response 457 
is approximately 3-5dB on average across 0.1-10kHz, and up to 3-7dB at 3-8kHz, while 458 
short-term repeatability (2h) is 1-2 dB on average for all frequencies.  Based on these 459 
variability estimates (each based on less than 4 samples) the test schedule for this 460 
study was organized such that the measurement time per measurement condition was 461 
reduced. For example, measurements of variation of stimulation position or transcranial 462 
attenuation were done together within 1 day. Based on that, it is assumed that for tests 463 
on position variation and transcranial attenuation, differences of less than 2 dB should 464 
be not be considered significant regardless of statistical tests output. However, 465 
measurements before and after mastoidectomy, compared in Fit. 7, were separated by 466 
one week. In this case, changes below 5dB (< 7 dB at 3 – 8 kHz) should not be 467 
considered significant. 468 
 469 
Effect of soft-tissue and ultrasound gel around the PZTA 470 
While the PZTA attaches to the BI300 at a single point, the whole body of the 471 
device could be vibrating during operation, similar to other implantable actuators (BC-472 
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FMT transducer of the Bonebridge™ system from MED-EL, Innsbruck, Austria; bridging 473 
bone conductor of Håkansson et al., 2010). This means that the output performance 474 
could be partially dependent on the mechanical parameters of the surrounding soft 475 
tissue (damping, effective mass, etc.). However, when implanted in cadaver heads, 476 
there could be an empty space (air gap or air pocket) between the PZTA’s body and the 477 
skull or skin, which could influence its output. As per guidelines from the manufacturer 478 
for testing in cadaver heads, ultrasound gel in order reduce the possibility of air gaps, 479 
and better mimic the loading of soft tissue on the PZTA’s body. However, these 480 
assumptions have not been quantitatively evaluated or controlled in the current study, 481 
except for our best efforts to adhere to consistent procedures for implantation in all 482 
cadaver heads.  483 
Previous work (Guignard et al., 2013) have indicated that there could be 484 
significant differences in the dynamic response of soft-tissue between fresh and Thiel-485 
preserved samples. Since contact with soft-tissue surrounding the PZTA’s body could 486 
influence the output of the actuator, there may be differences between the results of this 487 
study and behavior in patients. 488 
 489 
 3D promontory motion measurements  490 
To evaluate the potential differences in the resultant hearing sensation from 491 
stimulation at the 3 different locations, the promontory motion was measured at a 492 
location close to the round window. It has been shown before that promontory motion 493 
can be used as an acceptable estimator of BC hearing sensation (Stenfelt and Goode 494 
2005a; Eeg-Olofsson et al., 2008; Eeg-Olofsson et al., 2013; Dobrev and Sim, 2018; 495 
Stenfelt et al., 2004), specifically at frequencies above the first few resonance 496 
frequencies of the skull (above 0.8-1kHz) (Eeg-Olofsson et al., 2013). Previous studies 497 
have shown no significant dependence of the measured cochlea motion on the 498 
measurement location, based on comparisons of motions of the promontory and the otic 499 
capsule of the lateral semicircular canal in patients (Eeg-Olofsson et al., 2013).  500 
In order to estimate the repeatability of the promontory measurements, during a 501 
preliminary test session, both the measurement location and surface conditions under 502 
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the retro-reflector were varied, while keeping all other experimental conditions constant. 503 
It was found that most of the detectable (>0.5-1dB) variations in the velocity 504 
measurements at the promontory could be reduced by careful treatment of the bony 505 
surface of the promontory. This included removing all soft tissue and moisture from the 506 
surface before installing (i.e., gluing) the retro-reflector medium. Without such treatment, 507 
various measurement artifacts were encountered such as random narrow notches in the 508 
frequency response or rapid random variations in the LDV signal level, which in turn 509 
deteriorated the SNR. 510 
Overall, the SNR of all promontory motion presented in this work deteriorated 511 
with decreasing frequency below 0.65 kHz, as seen in Figure 4 A-C (dashed lines). This 512 
could be explained by the decreased response of the promontory at low frequencies 513 
due to the higher mechanical impedance of the skull (Stenfelt and Goode, 2005b) 514 
resulting in less motion per unit of input force, provided by the PZTA. At such low 515 
frequencies the whole head moves with very little relative deformation, similar to a 516 
single rigid body, which in turn applies larger fraction of the total mass of the head to the 517 
actuator. This behavior contrasts with the behavior at mid and high frequencies, where 518 
the head undergoes local deformations (Hoyer and Dortheide, 1983; McKnight et al., 519 
2013; Dobrev et al., 2017), resulting in a lower effective mass applied at the actuator, 520 
thus more motion is produced per unit of input force from the actuator. In addition to the 521 
lower motion, the 3D LDV system utilized measures 3D motion based on the 522 
triangulation from 3 individual measurement laser beams, each providing information 523 
along a different sensitivity direction. The angular separation between the beams 524 
defines the relative sensitivity to in-plane (along the X-Y plane) and out-of-plane (along 525 
the Z axis) motion. The larger the angular separation between the laser beams is (the 526 
more tilted they are relative to the Z axis), the higher the sensitivity is to in-plane motion, 527 
and vice versa for out-of-plane motion. However, larger angular separation also results 528 
in the need for larger optical clearance (wider view onto the target) between the 529 
measurement point and the 3D LDV. Thus, the optical design of the 3D LDV system is 530 
constrained by a tradeoff between sensitivity to in-plane components and spatial 531 
constraints (clear optical path and working distance) for the experimental setup and the 532 
sample. In the case of 3D LDV system used in this study, the angular separation 533 
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between the beams, relative to the Z-axis (optical axis), is 6.1 deg (angular separation 534 
between any two beams is larger), which means that the sensitivity to in-plane motion 535 
components is lower than to out-of-plane ones. This results in the X and Y components 536 
having higher noise floor that the Z component, with an increase of 15 – 25 dB and 25 – 537 
30 dB, respectively, as seen in Figure 4 A-C (dashed lines).  The acceleration noise 538 
floor for all components was increasing with frequency at an approximate rate of 20-25 539 
dB/decade. 540 
The combined effect of the lower promontory response at low frequencies and 541 
higher noise floor of the X and Y components, resulted in most of the data (>50%) of the 542 
X and Y component being below the acceptable SNR limit for most frequencies below 543 
250 Hz. This is the cause for small (<50Hz wide) gaps in the low frequency data < 250 544 
HZ, as it can be seen in data of the individual components, shown in Figure 4. In case 545 
of a missing data for some of the components, the combined velocity was calculated 546 
based on the available components only. This was done in order to approximate the 547 
trend of the data at the affected frequencies. Overall, these data gaps at low 548 
frequencies did not affect any of the observations in this work. On the other side, higher 549 
frequency data was available for all motion components, with SNR for the X and Y 550 
components of 25 - 40 dB in 0.5-6.5 kHz range, and 5 - 25 dB above 7 kHz. The 551 
decrease in SNR at higher frequencies was due to the increasing noise floor with 552 
frequency, as well as the decreasing sample response above 7kHz. The LDV signal 553 
from the retroreflectors was maintained in the range of 90-100% to maximize SNR for 554 
all motion components. 555 
 556 
 Effect of stimulation location on promontory motion 557 
Figure 4 A-C indicates that overall the individual orthogonal components 558 
exhibited steep notches (“anti-resonances” as termed in Eeg-Olofsson et al., 2013), with 559 
a width of less than 1/3 octave and depth of 10-20dB or more. The occurrence and 560 
profile of the notches varied between heads, frequencies and stimulation locations. 561 
Such notches were more visible in the relative contribution (ratio relative to the 562 
combined motion) of each motion component, as shown in Figure 4 D-F. The notches, 563 
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both in the absolute magnitude and in the relative contribution, appear more extreme 564 
(narrower width, deeper depth) for frequency components with lower contribution to the 565 
combined motion, such as the Z and Y components at mid and high frequencies in 566 
Figures 4 E and F. In contrast, the combined motion indicated a clearer (fewer notches, 567 
shallower notch depth, greater width) and more monotonic trend (lower slopes of the 568 
magnitude curve), qualitatively similar to curve profiles of BC hearing thresholds in 569 
audiometric tests (Stenfelt, 2012; Stenfelt et al., 2004).  570 
Overall the 3D motion of the promontory, indicated in Figure 4 D-F, showed a 571 
consistent composition (ratio between individual components), which varied with 572 
frequency and stimulation location. At low frequencies (below 500Hz), the out-of-plane 573 
(along Z-axis) component was 2 to 14 dB larger than the in-plane (along X and Y axis) 574 
components, on average for all stimulation locations. At higher frequencies (above 575 
500Hz) each individual component had a frequency and stimulation location 576 
dependence. Specifically, stimulation at location 1 at mid frequencies, 0.7-3 kHz, 577 
showed a trend of Z component being largest, with comparable contribution from the X 578 
component (anterior-posterior direction) being only 2-3 dB lower on average. 579 
Stimulation at location 1 at higher frequencies, above 4 kHz, produced motion with 580 
equal contributions from the X and Z components. Mid and high frequency, above 581 
500Hz, stimulation at locations 2 and 3 produced motion with a dominant X component, 582 
with a magnitude of 1 to 13 dB larger than that of the Y or Z components, on average. 583 
Overall, regardless of stimulation location, the spatial composition of the motion 584 
changes at around 500Hz, indicative of the transition between modes of vibration (rigid-585 
body-like motion versus deformation) of the skull, as indicated by previous research 586 
(Dobrev et al., 2017). 587 
Based on the data trend in Figure 5 B, it could be hypothesized that stimulation 588 
on the thicker sections of the skull (locations 1 and 2), towards the base of the skull 589 
(temporal and the occipital bones), improves coupling between the actuator and the 590 
cochlear at higher frequencies. The reasoning for this hypothesis is based on results 591 
from previous research (Hoyer and Dortheide, 1983; McKnight et al., 2013; Dobrev et 592 
al., 2017) that have indicated spatially complex modes shapes of vibrations, for 593 
frequencies above 2kHz, of the superior sections of the skull bone, corresponding to 594 
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thinner bone. Based on that, it could be hypothesized that the thicker sections of the 595 
skull, closer to the base, could exhibit qualitatively similar modal behavior, but with 596 
higher resonance frequencies, due to their higher mechanical stiffness. This could result 597 
in less relative motion, at a given frequency, between the locations 1 or 2 and the 598 
cochlea, in comparison to location 3, thus reducing potential loss of energy in the sound 599 
propagation path, as demonstrated in previous work (Stenfelt and Goode 2005a; Eeg-600 
Olofsson et al. 2008).  601 
 602 
 Transcranial attenuation 603 
Data in Figure 6 indicate that stimulation on location 3 (BAHA location) with the 604 
PZTA produces transcranial attenuation similar to the literature (Nolan and Lyon, 1981, 605 
Håkansson at al., 1986; Stenfelt, 2012). Stimulation at location 1 has similar behavior to 606 
stimulation at location 3 at low and mid frequencies but shows a trend for higher 607 
attenuation (average of 12 dB versus 6 dB for location 3) at high frequencies (>4 kHz), 608 
suggesting a more selective stimulation. This high-frequency effect has also been 609 
observed in previous research in both cadaver heads and patients, illustrated in the 610 
data above 5 kHz in Figure 6 of Stenfelt (2012), comparing transcranial attenuation for 611 
stimulation at the BAHA location (equivalent to location 3 in the current study) and the 612 
mastoid (similar to location 1 in the current study).  613 
Both stimulation locations produce a transcranial gain (negative attenuation) of 2 614 
to 7 dB (95% confidence interval), on average, in the frequency range of 0.1 – 0.5 kHz. 615 
Within the nomenclature used in this work, transcranial gain refers to a negative 616 
transcranial attenuation, corresponding to the case when the contra-lateral promontory 617 
moves more than the ipsi-lateral one.  Such a transcranial gain (or negative attenuation) 618 
has also been observed in previous research on cadaver heads (Stenfelt and Goode, 619 
2005b) and in some patients (Stenfelt, 2012; Eeg-Olofsson et al., 2011a).  620 
The variability of the transcranial attenuation at low frequencies, in both patients 621 
and cadaver heads, could be attributed to the rigid-body-like motion of the head at low 622 
frequency (Dobrev et al., 2017). We hypothesize that, for frequencies below its first 623 
natural frequency (below 500Hz, more prominently below 250Hz), the head undergoes 624 
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rigid-body-like motion similar to swaying - combination of translation (of the center of 625 
gravity of the head) and rotation of the head with a pivot point (pivot area) at the neck 626 
support area, thus such motion should be affected by the stiffness of the neck support.  627 
 In the case of experiments on cadaver heads, the head support setups vary, and 628 
their stiffnesses have not been well documented.  In the case of the head support 629 
utilized in the present study, the heads are not firmly connected to the support plate 630 
(see Figure 2B), thus resulting in a low torsional stiffness around the anterior-posterior 631 
and left-right axes, essentially allowing for the heads to sway relative to their equilibrium 632 
vertical position similar to an inverted pendulum. While the quantification of the stiffness 633 
requires the measurements of moments and corresponding deflections, we simplify our 634 
discussions by looking at only the required moment (countering the restoring force and 635 
moment) required to deflect the head away from its equilibrium position. We used this 636 
as a proxy for neck stiffness with the assumption that higher restoring moments (units of 637 
Nm) will corresponding to higher neck stiffnesses (Nm/deg).  In the case of presented 638 
experimental setup, the restoring moments against tilting around the horizontal axes (tilt 639 
and roll) were limited to <1Nm, and against tilting around the vertical axis (pan) was 640 
<0.2Nm. This was due to the limited pretension in the rubber bands in the lateral 641 
support structure, which was similar to other experimental setups (McKnight et al., 642 
2013; Dobrev et al., 2017). In the case of living human subjects, the head’s vertical 643 
orientation is controlled by the neck muscles capable of exerting 10-50 Nm of restoring 644 
moment against rotation around the horizontal axes (tilt and roll), and about 15 Nm of 645 
restoring moment against rotation around the vertical axes (pan) (Vasavada et al., 646 
2001). This suggests, based on our assumptions, 10-100 higher neck support stiffness 647 
in live humans than in commonly used support setups for cadaver head experiments.  648 
Looking at the spatial composition of the low frequency promontory motion, as 649 
shown in Figure 4 D-F, data indicates only 3-10 dB lower contributions for the in-plane 650 
components (X and Y components), relative to the normal component (Z component) 651 
for all stimulation locations below 0.5 kHz. This could be indicative of a significant 652 
rotational component of the rigid-body-like motion around the vertical axis (pan) (Dobrev 653 
et al., 2017). If the instantaneous axis of rotation, in superior-inferior direction (giving 654 
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rise to an X component) or anterior-posterior direction (giving rise to a Y component), is 655 
closer to the ipsi-lateral side, this could give rise to higher later velocities on the contra-656 
lateral side, thus resulting in larger combined motion on that side, when both in-plane 657 
and out-of-plane components are taken into consideration. The assumption for 658 
predominance of the rotational motion around the vertical axis (pan) is supported by the 659 
potentially lower stiffness in that direction relative to the horizontal axis (tilt and roll) 660 
(Vasavada et al., 2001). 661 
 662 
 Effect of mastoidectomy on promontory motion 663 
The mastoidectomy seems to affect mostly response due to situation at location 1, 664 
specifically around the second resonance peak of PZTA (6-8 kHz), as seen in Figure 7 665 
B. The effect indicated a statistically significant increase in the promontory motion of 2 666 
to 5 dB at 0.5-2kHz (p<0.05 in all samples), and a decrease of 10 to 21 dB at 6-8kHz, 667 
the latter being statistically significant (p<0.01) in only 3 of the 4 samples. However, 668 
there was no statistically significant effect of mastoidectomy for stimulation at location 3, 669 
which is consistent with measurements in patients indicating no significant change in 670 
the air-bone gap (ABG) after similar mastoidectomy procedure (Kim et al., 2010). The 671 
magnitude attention for location 1 results in a very similar (mean difference of 0.3 ± 11 672 
dB at 95% confidence interval) magnitude profile (seen in Figure 7A), above 4 kHz, for 673 
both stimulation locations, 1 and 3, after mastoidectomy. This could be explained by the 674 
potential softening (decrease in impedance), due to the mastoidectomy, of the skull 675 
bone structure around location 1, making it more similar in sound transmission 676 
properties to the thinner bone structure at location 3. In addition, the mastoidectomy 677 
could be potentially lengthening the effective pathway for bone conduction from location 678 
1 to the cochlea due to the removal of the transmission medium (e.g., the mastoid) in-679 
between. The clinically relevant consequence of these observations is that the PZTA 680 
could be installed further away from the mastoidectomy (i.e. location 3 instead of 681 
location 1) without a major degradation in output level in the measured frequency range. 682 
This could be beneficial in medical cases that require the installation of the PZTA in 683 
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patients with existing mastoidectomy that might be preventing implantation close to the 684 
pinna and ear canal. 685 
5 Conclusions 686 
During an initial testing stage, the sound transfer function of a novel subcutaneous bone 687 
conduction device (PZTA) have been quantified, and the influence of stimulation 688 
location and mastoidectomy have been analyzed based on promontory motion in Thiel-689 
preserved cadaver heads. Future work could include a more detailed examination of the 690 
effect of alternative methods for attachment of the PZTA to the skull bone, with the aim 691 
of finding a balance between reduced surgical complexity and improvement of efficiency 692 
and reliability of the force transfer at the interface between the PZTA and the skull bone. 693 
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 787 
Figure Captions 788 
Figure 1. Different BCHA systems can be divided into different groups by the way of 789 
attachment and stimulation of the head (figure based on Reinfeldt et al. 2015). 790 
 791 
Figure 2. Top and side view of the novel subcutaneous bone conduction PZTA in 792 
comparison with a Baha ® Cordelle II actuator. 793 
 794 
Figure 3. Overview of stimulation positions (A) and head support setup (B). Indicated 795 
are the anatomical and 3D LDV coordinate systems on the ipsilateral side. Stimulation 796 
positions are: 1) Immediately posterior to pinna; 2) 50-60mm posterior to pinna (same 797 
distance as Baha® to ear canal); and 3) Traditional BAHA position. Origin of the 3D 798 
LDV coordinate system is situated on the cochlea promontory. Anatomical coordinate 799 
28 
system axis shown are A (anterior) and S (superior). Corresponding LDV coordinate 800 
system axis shown are X (X-axis) and Y (Y-axis). 801 
 802 
Figure 4. Individual components of acceleration of ipsilateral promontory as a function of 803 
PZTA stimulation position: A)-C) Magnitudes of orthogonal components of acceleration 804 
and combined acceleration for stimulation at positions 1-3; and D-F) Ratio of magnitude 805 
of orthogonal components of acceleration relative to the magnitude of the combined 806 
acceleration for each stimulation location 1-3; Notes: Bold solid lines are geometric mean 807 
of individual motion components, and bold dotted lines are the combined motion,  across 808 
heads. Thin dotted lines are individual head data.  Dashed lines are the mean noise floor, 809 
averaged across samples. Note that the combined motion is always larger than any of 810 
the individual components. 811 
 812 
Figure 5. Combined acceleration of ipsilateral promontory as a function of PZTA 813 
stimulation location: A) Magnitude of combined acceleration for each stimulation location 814 
normalized by the stimulus voltage; and E) Relative magnitude of combined acceleration 815 
for stimulation at locations 1 and 2 relative to 3 (BAHA location).  Notes: Bold solid lines 816 
are geometric mean, across heads, and thin dotted lines are individual head data. An 817 
illustration of the stimulation locations on the skull is included in the inset in panel A as a 818 
reference. 819 
 820 
Figure 6. Transcranial attenuation based on promontory motion for PZTA stimulation at 821 
locations 1 and 3: A) Combined acceleration of ipsi and contralateral promontory, 822 
normalized by the driving voltage; B) Combined motion for contralateral promontory 823 
motion relative to corresponding ipsilateral promontory acceleration. Lower values in B) 824 
correspond to higher attenuation at the contra- relative to the ipsi-side. Notes: Bold solid 825 
lines are geometric mean, across heads, of combined motion component, while thin 826 
lines are individual head data. Solid lines with dots in A) represent data for ipsilateral 827 
promontory and solid lines without dots represent data for contralateral promontory. 828 
Colors indicate the stimulation location. 829 
 830 
29 
Figure 7. Effect of mastoidectomy on ipsilateral promontory motion for PZTA stimulation 831 
on locations 1 and 3: A) Promontory motion data before and after mastoidectomy; B) 832 
Response after mastoidectomy relative to the response before mastoidectomy.  Notes: 833 
Bold lines are geometric mean across heads, while thin lines are combined motion 834 
component for individual head data. Solid with dots in A) represent motion data before 835 
mastoidectomy, and solid lines without dots represent motion data after mastoidectomy. 836 
Colors indicate the stimulation location. An illustration of the approximate location of the 837 
mastoidectomy area and the stimulation locations on the skull is included in the inset in 838 
panel A as a reference. 839 
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